In non-ideal scenarios involving partial or non-breastfeeding, cow's milk-based dairy products are mainstream in infant feeding. Therefore, it is important to study the concentrations of potentially neurotoxic contaminants (Pb and Cd) and their respective counteracting elements (Ca and Zn) in infant dairy products. Fifty-five brands of infant formulas and milk sold in Brasilia, Brazil were analyzed. The dairy products came from areas in the central-west (26%), southeast (29%) and south of Brazil (36%) extending as far as Argentina (7%) and the Netherlands (2%). For toxic Pb and Cd, median concentrations in powdered samples were 0.109 mg/kg and 0.033 mg/kg, respectively; in fluid samples median Pb concentration was 0.084 mg/kg, but median Cd concentration was below the limit of detection and overall values were below reference safety levels. However, 62% of these samples presented higher Pb concentration values than those
Introduction
Breastfeeding is necessary for optimal growth and development of infants. There are innumerable and unique health and neurodevelopment advantages to short and long-term breastfeeding. Nevertheless partial and non-breastfeeding take place worldwide. The occurrence of necessary essential nutrients and micronutrients in cow's milk has made it the alternative food of choice for the human infant. In such non-ideal circumstances infant feeding practices have relied on technical advances in the food industry to improve upon mainstream cow milk-based products. In this realistic scenario, it should be recognized that pasture and animal foodstuffs [1] can be contaminated with pollutants and, as a consequence, increase the risk of the non-breastfed infant being exposed to hazardous substances.
Grazing land can be contaminated with Pb and Cd from parent materials, atmospheric deposits, continuous application of large amounts of fertilizer, disposal of industrial waste sludge and vehicle emissions [2] . In addition to that, packaging and technological processes used to bring foods to the consumer can significantly increase the total concentration of Pb and Cd [3, 4] . Therefore, potentially toxic elements (Cd, Pb) deriving from environmental pollution or accidental contamination may be transferred to cow's milk and consumed by vulnerable infants.
Intake of contaminated milk containing low levels of Cd and Pb can cause various clinical abnormalities or may pass without clinical signs [5] . However, studies have shown that dietary intake of selected nutritional elements might help counteract the effects of cadmium and lead. Animal studies showed that the amount of calcium in food is related to tissue lead accumulation [6] [7] [8] [9] . Indeed, epidemiological studies have shown that food calcium content is inversely correlated with lead in blood, bone or hair [10] [11] [12] . Recently, rates of absorption and whole-body retention of dietary Cd were increased 7 to 10-fold when experimental animals were fed diets containing marginal concentrations of Zn, Fe, and/or Ca [13, 14] . Therefore, our objective was to assess the occurrence of toxic cadmium and lead along with the natural nutritional elements (zinc and calcium) in cow's milk and infant formulas sold in Brasília, Brazil.
Experimental

Apparatus
Microwave digestion of milk samples was performed on a DGT-100 (Provecto Sistemas, Brazil) microwave system. The measurement of Zn, Cd and Pb in milk samples by anodic stripping voltammetry (ASV) were carried out in a 747 VA Computrace instrument (Metrohm, Switzerland) equipped with an electrochemical cell composed of a hanging mercury electrode (working electrode), Ag/AgCl (3.0 mol L
−1
KCl) electrode (reference electrode) and a platinum electrode (auxiliary electrode). As a supporting electrolyte 0.2 mol L . An AA 400 Flame Atomic Absorption Spectrometer (Perkin Elmer, USA) with calcium hollow cathode lamp (422.7 nm) was used for calcium determination in milk samples. The optimum operation conditions were 0.2 nm band width, 20 mA lamp current and 2.5 mL min −1 acetylene flow rate in an air/acetylene flame. The pH of the solutions was determined using a 3030 Jenway pH-meter (United Kingdom) with a DME-CV1/Digimed combination pH electrode (Brazil).
Chemicals and Samples
Analytical-reagent grade chemicals and ultrapure water (Millipore, USA) were used to prepare all solutions. Nitric acid, hydrogen peroxide, sodium acetate and cadmium, lead and zinc stock standard 1,000 mg L −1 solutions were purchased from Merck (Darmstadt, Germany). Calcium stock 1,000 mg L −1 solutions were prepared using CaCl 2 ·5H 2 O (Aldrich, USA) in HNO 3 5% (Merck, USA). We searched major supermarkets for dairy products used in infant feeding, i.e., milk and infant formulas. All information regarding processing plants was obtained from product labels. Fifty-five milk samples, which corresponded to the 22 most widely accepted and consumed brand names in the Federal District, were purchased from local supermarkets in Brasília, Brazil, in March 2007.
Procedure
The laboratory glassware was kept in a 5 or 20% (v/v) nitric acid solution overnight. Afterwards, it was rinsed thoroughly with ultrapure water and air-dried. Milk samples were prepared to carry out the voltammetric and spectroscopic analyses using the optimized procedure as described.
An aliquot of each milk sample (0.4 g for powered samples and 1.0 mL for liquid samples) was weighed into a Teflon digestion vessel. Afterwards, 65% nitric acid (5.0 mL) and 30% hydrogen peroxide (2.5 mL) were added and samples subjected to closed vessel microwave digestion. The optimized microwave digestion program was performed at 350 W (8 min), 550 W (8 min), 700 W (7 min), 0 W (6 min) and 850 W (5 min). At the end of the digestion process, the digests were diluted to 25 mL with double-distilled water quality for the measurement of Zn, Ca, Pb and Cd.
The measurement of Zn, Cd an Pb in milk samples was accomplished through multiple standard additions of 100 L of 1.00 × 10 sodium acetate and 1.0 mL of pretreated milk sample. To avoid measurement interference due to metal adsorption on the working surfaces of the electrode system, electrodes were submitted to periodic cleaning with 20% HNO 3 (by volume) followed by a generous wash with ultrapure water. Experiments were performed in three replicates at 23 °C and pH 4.0, and preceded by a gentle N 2 bubbling to prevent oxygen diffusion into the electrochemical cell (10 min for the supporting electrolyte and 1 min after metal addition).
The determination of calcium levels was carried out using multiple standard additions in milk samples. Five solutions containing 1.0 mL of pretreated milk sample in each were prepared by additions of 0, 50, 100, 150 and 200 L of 1.00 × 10
for a 50 mL final volume. In all samples the measurements were done in three replicates.
Nine parameters have been evaluated for the validation of analytical methods in milk, namely: selectivity, repeatability, reproducibility, linearity range, detection and quantification limits, recovery, stability and control charts. The limits of detection and quantification, and linearity range of Zn, Cd, Ca and Pb were determined using analytical curves constructed by multiple standard additions. The analyte stability was characterized by analyzing a pretreated infant formula (L5) sample once a week during eight weeks. The trueness of the analytical methods was assessed by recovery assays. Known amounts of Zn, Cd, Pd and Ca were added to three infant formulas (L1 = 5.700 mg/g Ca; 0.0627 mg/g Zn; 0.4000 mg/kg Cd; 0.0037 mg/g Pb; L2 = 4.300 mg/g Ca; 0.0052 mg/g Zn; 0.400 mg/kg Cd; 0.0027 mg/g Pb; L3=5.700 mg/g Ca; 0.0051 mg/g Zn; 0.4 mg/kg Cd; 0.0016 mg/g Pb). The repeatability was determined by analyzing a pretreated infant formula (L5) sample five times in the same day. The reproducibility was determined by analyzing a pretreated infant formula (L5) sample eight times in different days (one time per week). The selectivity was evaluated by comparing the slopes of the analytical curves obtained with aqueous standards and with standard additions to a pretreated infant formula (L5) sample. The control charts (R vs. time) were constructed based on stability data, where R is the difference between the lower and higher replicate values in each week.
Statistical Analysis
Data were summarized with Microsoft Office EXCEL software (version 2007; Microsoft Corp, Redmond, WA, USA). Non-parametric Spearmann correlation tests between variables were done with PRISM software (version 4.0; San Diego, CA, USA); the significance level was set at P < 0.05. We applied Hierarchical Cluster Analysis (HCA) to identify patterns of dairy farms with comparable concentrations of determined elements. After identification of distribution patterns we applied Principal Component Analysis (PCA); concentrations below detection limit were attributed a zero value.
Results
The overall performance of the proposed methods is summarized in Table 1 . The limits of detection (LOD) and limits of quantification (LOQ) were calculated from the expressions LOD = 3S b /b and LOQ = 10S b /b, where S b is the standard deviation of the blank and b is the slope of the analytical curve [15] . The results for the recovery tests were within the acceptance range 90-110%, especially considering the thermal microwave digestion program used for milk samples. The stability results showed recoveries (obtained during the five weeks) in good agreement with the recovery of the method, except for Cd. It was observed that Cd recovery had a slight decrease in the second week under the used storage conditions; random fluctuations were observed. Selectivity studies were performed in order to investigate the effect of potential interference of the matrix. For Cd, Pb and Ca, the slopes obtained with aqueous standards were similar (95% confidence level) to those obtained for the matrix standard additions. Therefore, there was no matrix interference in the tested concentration range. The repeatability and reproducibility were calculated after Waeny [16] . The method proposed by Waeny [16] takes into consideration the standard deviation for each set of measurements over a spread index (95% confidence level) for a pretreated sample analyzed n times (degree of freedom = n − 1). The calculated repeatability and reproducibility values were considered satisfactory; repeatability index was smaller than reproducibility index for all four elements. Indicating that the between days measurements variation were bigger than the same day variation. A control chart was constructed for each element data during eight weeks and was applied to monitor the analytical process variation and efficiency. Based on upper control limits (UCL=D4 ) and lower control limits (LCL=D3 ); is the average of the R values obtained during each week, and D is the limit constants [17] . The estimated R values were within limits. Therefore, the process performance displayed consistency. The concentrations of metals in samples of milk and formulas as a function of brands are shown in Tables 2 and 3. Table 2 details powdered products while Table 3 illustrates fluid milk. In all (55), these fluid and powder milk samples represent products from animals raised on farms from the southeast (16 samples: two from Rio de Janeiro, three from São Paulo and 11 from Minas Gerais), south (20 samples: three from Paraná, 13 from Rio Grande do Sul and four from Santa Catarina) and central-west (14 samples: 14 from Goiás) states of Brazil. Some samples were also produced in Argentina (four samples) and in The Netherlands (one sample). As regards Cd, the median concentration (below detection limit in fluid samples) is lower than the reference value recommended by the Brazilian Government (1.0 mg/kg) [18] . However, the median concentration of Pb (0.109 mg/kg) is higher than the maximum limit established by the FAO/WHO (0.02 mg/kg) [19] . Therefore, in seven infant formulas and in 22 fluid samples from different regions of Brazil, Pb concentration values were higher than recommended by the Brazilian Government (0.2 mg/kg for infant formulas and 0.05 mg/kg for fluid milk) [18] . The low Cd concentrations do not seem a potential exposure risk. However, it is worth mentioning that Zn (as an essential nutrient) when consumed in these products it does not show the physiological variation found in breastfeeding. Provided at uniform concentrations in cow's milk preparations, it may not be ideal as the sole source of infant nourishment [20] . Indeed, despite its nutritional importance most of the products sampled (75%) did not mention Zn concentrations on packaging. Among the infant formulas analyzed in this study in which concentrations of zinc were available (14%), only 28% showed values with an error of less than 10% when compared with the values printed on packaging.
Nevertheless, ten of the powdered samples (six from the southeast of Brazil, one from the south of Brazil, two from Argentina and the one from The Netherlands) presented Zn concentration values above the maximum limit established by the Brazilian Government (50 mg/kg) [18] . Calcium contents showed the same profile, with most of the samples differing from the values listed on the labels: powdered samples were 20% statistically similar, 35% below and 37% above the label values. Twenty-eight percent of liquid samples showed values within a 10% error range of the declared values and 23% presented concentrations two to three times lower than declared on packaging.
Data representations on a molar basis as frequency of distributions are illustrated in Figure 1 for the determined elements. The correlation between Cd and Zn (Spearman r = −0.116; P = 0.590) was not statistically significant, but the correlation between Ca and Pb (Spearman r = 0.619; P < 0.0001) was. However, there was a significant correlation between Pb and Cd (Spearman r = −0.532; P = 0.016) within milk samples where both metals were measured above limit of detection. HCA was applied to identify patterns of the determined element concentrations and geographical origin of the milk samples, which are shown as a dendrogram in Figure 2 ; there are five distinct clusters. It was observed that L31 appeared in an isolated group, indicating that this sample presents distinct characteristics; however, this sample is originated from the same region as L30, L50, and L54. The PCA was applied in order to reduce the number of variables and to improve visualization of the data. Table 4 presents the explained variance of each principal component (PC). Almost 71 and 90 % of the total variance are explained by the first two and three PC, respectively. Figure 3 shows the biplot graph of the scores and weights; the suggested classes of hierarchical clustering analysis are represented by ellipses. It can be observed that samples L1, L2, L3, L4, L5 and L11 are grouped in a quadrant with positive values in PC1 and PC2. For these samples the concentration of cadmium is responsible for the shown behavior; this metal is the variable that contributes for positive values in both PC1 and PC2. It is interesting to notice that these samples came from the same dairy region of Ibiá -Minas Gerais (MG). Indeed, results shown in Figure 3 and Table 2 show that the high value in PC1 is approximately inversely related to the concentration of cadmium; furthermore, all samples with positive values in PC1, except for sample L3, present undetectable concentrations of cadmium. In the quadrant with positive values of PC1 and negatives of PC2 it can be noticed that samples L9, L13 and L16 show a small separation from a larger group of samples, and that both groups are distinguished from others mainly by different concentrations of Ca and Zn. Considering all samples present in this quadrant, four distinct dairy regions are observable: Buenos Aires-Argentina (4), Ibiá, Ituiutaba and Sete Lagoas, Minas Gerais (4), Araçatuba-SP (2), Teutônia-RS (2), Cordilheira Alta-SC (1), Bela Vista de Goiás-GO (1) and Itaperuna-RJ (1). It is noteworthy that the localities of Minas Gerais can be considered as the same dairy region; they are equidistant from Ibia, Ituiutaba and Sete Lagoas, which correspond to 23.5% of the samples. Teotônia-RS and Cordilheira Alta-SC can also be considered as belonging to the same dairy region despite being 370 km apart (18% of the sample set).
A third group containing a substantial number of samples is observed in the negative region of PC1 and extending from negative to positive values of PC2. Since Pb is the element next of this group and located approximately at the diagonal of the PC1-PC2 plot, its concentration is the most important for the separation of this group. Finally, it is observed that the sample L31 is distant from all other samples, suggesting that this sample presents distinct characteristics from all samples in the data set, which is in agreement with the results presented in the dendogram. It is important to notice that if three PC were considered for this pattern recognition any differences are observed in the clusters identified. From the 31 samples that make up this group, 14 (45%) comes from the cities Concórdia-SC, Carazinho, and Arroio do Meio-RS, where Carazinho is equidistant from these two cities, about 180 km from each. The cities Bela Vista de Goiás (6), Rianápolis (1), Sao Luís de Montes Belos (1), Morrinhos (2), Corumbaíba (1), Santa Helena de Goiás (1) and Hidrolândia (1) are the source 42% (13 out of 31) of the samples. These cities are located within a radius of 200 km from the Goiânia -GO and can be considered as a single dairy region. The region of Carambeí-PR is the origin of 9.7% (three out of 31) samples and the region of Amparo-SP is the origin of just one sample.
Discussion
The main contribution of this study is to demonstrate the feasibility of a pragmatic approach to using commercially available infant formula (prepared from cow milk) and commercially produced milk as a tool to monitor risk of early exposure to environmentally hazardous elements. In this study we found that dairy animal feeding practices in Brazil and in Argentina operate in an environment conducive to maintaining Cd levels in milk products below optimum thresholds. It was also revealed that although the correlation between Cd and Pb was statistically significant, their occurrence had a distinct spatial pattern. While elements such as calcium and zinc in infant formulas are not a nutritional issue per se, their occurrence as antagonists to toxic Cd and Pb merits consideration. Furthermore, of particular public health interest is that Pb concentrations above threshold limits have been confirmed in the studied samples. Most of the infant formulas showed Zn concentrations above limits set by Brazilian regulators. Because Zn transfer from blood to milk is tightly controlled (at least in breast milk [20] ), these high values may result from milk processing methods.
Our results indicate that we do not currently have potential sources of contamination in areas of dairy farming for Cd. However, it is of concern that 62% of the sampled products showed Pb concentrations above reference values provided by the FAO/WHO [19] . This should be of concern because of the potential risk posed to formula-fed infants (especially more vulnerable preterms and newborns). Improper dilution of powdered milk products is frequently found, leading to overconcentration during reconstitution [21] which can potentially increase the exposure to toxic contaminants. It should be emphasized that nevertheless the ultimate exposure of nursing infants fed cow's milk or formulas will depend on the concentrations of toxic elements in the running water used during reconstitution of the powdered product [1] .
Nutritional as well as toxic element concentrations in cow's milk vary widely due to constitutional (animal breed and lactation period) and environmental conditions related to geographic factors (climate, season, and soil contamination) and especially dietary composition of animal feed and manufacturing practices of final products. The concentrations of Cd and Pb that we found are above values reported by others in Brazil. In milk sold in Rio de Janeiro city, concentrations of Pb and Cd were, respectively, 140 µg/kg and 1.1 µg/kg [22] . In fresh and pasteurized bovine milk from the Paraíba Valley region, the mean concentrations of Pb have been reported as 0.04 and 0.23 mg/L, while Cd was below detection limits [23, 24] . In the Northern state of Pernambuco the concentration of Pb in fresh milk samples varied from 3 to 90 g/L [25] .
These results are in agreement with reports from other regions of Brazil [22] [23] [24] [25] . Indeed, it has been suggested that the largest contribution of lead contamination in cow's milk (74%) in Brazil arises from the metal vessels used to transport milk to the processing plants [26] . At least that was the explanation offered for high concentrations of lead (0.25 mg/L) reported in cow-milk samples collected from a highly industrialized area (Paraiba do Sul river valley) in Brazil [26] . Indeed, contamination of containers is often reported as a cause for concern in Pb and Cd contamination of dairy products [27, 28] . It seems that this trend is observed in other parts of the world; Kazi et al. [29] reported that in Pakistan, milk Pb and Cd concentrations were higher in processed milk than in raw milk at the farms.
In regions of Italy with very low industrial activity or automotive pollution (Calabria), cow-milk mean concentrations of Zn (2,016 μg/kg), and Cd (0.02 µg/kg) were comparable to those in our work but mean Pb (1.32 µg/kg) was much below our median value [30] . Also in Italy, infant formula concentrations of Cd and Pb varied from 1.0 to 3.7 µg/kg and from 4.9 to 19.2 µg/kg [31] . Mean concentrations of cadmium and lead in milk samples purchased from Mumbai (India) were, respectively, 1.6 and 0.1 g/kg [32] .
Concentrations of Pb (1.47 ng/mL) and Cd (25 ng/mL) in cow's milk from Argentina are higher than median values reported in our work [33] . The concentrations of Cd and Pb in milk and milk-dairy products collected in the local supermarkets of Izmir (Turkey) varied from 0.08 to 674.3 µg/L and from 0.15 to 2.94 mg/L, respectively [34] . The mean Cd and Pb contents obtained from 36 milk samples collected from the bulk holding tanks of dairy farms in 12 localities in Izmit (Turkey) were 0.257 (0.180-0.398 µg/L) µg/L and 6.83 (5.32-9.94 µg/L) µg/L, respectively [35] . In Slovenia, cow's milk samples from 19 dairy locations showed levels of Pb (0.07 mg/kg) and Cd (0.07 mg/kg) within the maximum residue limits [36] .
Part of the variation in metal concentrations in our work may be attributed to differences in proximate composition of the dairy products. The work of Martino et al. [37] showed striking differences in the measured elements as a function of the analyzed fraction. Whole milk showed the highest concentrations, while the whey fraction showed the lowest concentrations. This indicates that the bulk of the elements (especially Pb and Cd) are attached to milk proteins; this may explain the significant correlation between Pb and Cd (measure above detection limits). Considering that, it is interesting to notice that in our work Cd were also lower in the infant formulas but Pb content did not show a pattern. Cow's milk has a much higher protein concentration than human milk [38] . Therefore, most infant formulas are "humanized" to mimic human milk concentrations of nutrient (especially protein) concentrations. Protein concentrations are then reduced to circa of 1/3 of their original concentrations. As a result, most of the Cd concentrations are also proportionally diminished.
Ikem et al. [39] compared the cow-milk-based infant formulas from the USA, the UK and Nigeria; there was no striking difference among the countries for concentrations of Zn, Ca, Pb and Cd. Compared to Ikem's et al. results [39] , our study showed striking differences only for Pb concentrations. In our study some Pb concentrations were one order of magnitude higher than in the countries studied by Ikem et al. [39] . However, the most recent study in Brazil indicated Pb contamination of cow's milk in a polluted region of São Paulo State (mean concentrations were higher, 0.23 mg/L), but Cd was not detected [24] .
Transference of Pb and Cd along the terrestrial food chain was studied by Baranowska et al. [40] . Not only was concentration for Pb in soil higher than Cd, but they also showed that Pb transferred proportionally more from soil to grass and from grass to milk than Cd. It should also be noted that Zn concentrations in soil, grass and milk were higher and proportionately better transferred than Cd. It is widely recognized that prolonged bottle-feeding is associated with iron deficiency [41] . In this regard, monitoring toxic metal exposure in infancy through formulas is of great importance; Satarug et al. [42] have hypothesized that Cd accumulation can result from the efficient absorption and transport of cadmium, employing multiple cellular uptake used for essential elements such as calcium, iron, zinc and manganese.
Conclusions
Commercialized infant formulas and milk consumed by children can be an efficient tool to monitor environmental contamination and risk of children's exposure to neurotoxic metal (Cd and Pb). Health regulators and manufacturers of milk formulas can take advantage of these findings to abate Pb exposure in vulnerable infants.
